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It is a common practice to locate air valves at high elevations along water transmission
mains. Improper sizing of an air valve could lead to the rapid expulsion of air, which might result
in excessive pressure surges at the air valve. Although preventing cavitation at high points
requires the rapid inflow of air into the pipeline and therefore a bigger inflow orifice, the use
of the same orifice for outflow might result in the rapid expulsion of air. However, using dual-
orifice sizes—a larger inflow orifice and a smaller outflow orifice—might prevent undue
secondary pressure surges associated with the rapid expulsion of air, This article demonstrates,
through two example applications, the positive impact of smaller outflow sizes on pressure
surges following the expulsion of air. The study also gives a simplified equation to estimate
the magnitude of pressure surges based on pipe characteristics, air-valve characteristics, and

pressure inside the valve just before the final release of air.

Pressure surges

In pipeline systems

resulting from

he final release of air through air valves produces a pressure surge. This

phenomenon, which results from the rapid deceleration of liquid at the

instant the air is fully expelled, is called “air slam.” It produces a pres-

sure surge similar to the one produced by the rapid liquid deceleration

that results from a valve closure. If the air is released too rapidly, an exces-
sive pressure surge can occur, It is important to design air release valves to avoid
eXcessive pressure surges.

ANALYSIS
The mass flow of air (nonchoking condition) through an orifice is given by
(Wood & Funk, 1996; Wylie & Streeter, 1978)
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m= CpA, 2;);3{ P J

in which i is mass flow rate {in slugsfs or kgfs), p is (absolute) pressure of air in
the valve (Ib/sq ft or N/m2), p_ is atmospheric pressure, y is a polytropic constant
defining the expansion process, p is density of air in the valve (slugs/cu ft or
kg/m?), Cpy is coefficient of discharge for the orifice, and A, is flow area for the
orifice {in sq ft or m2). A polytropic constant of 1.0 implics an isothermal expan
sion process; 1.4 implies an isentropic process. It is common practice to assume
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that y = 1.2 when the nature of the
expansion process is not known.

If the air pressure increases to
1.89 times atmospheric pressure,
the flow becomes choked (i.e., it
reaches sonic velocity), and the cor-
responding mass flow rate of air is
given by
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Equation 1 was used to produce
the plots shown in Figure 1. These
plots show the theoretical volumet-
ric flow rates in cubic feet per sec-
ond or cubic metres per second
through a 1-ft (0.3-m) orifice using
avalue of 1.2 for the polytropic con-
stant and a discharge coefficient, Cp,
= 1. The plots show actual volu-
metric flow rates based on the air
density at the pressure in the pipe
and the flow rate based on standard
conditions (atmospheric pressure).
These plots can be used to quickly
determine the flow rate through any
orifice by multiplying the value on
the x-axis of Figure 1 by Cpd?® in
which d is the actual diameter of
the orifice in feet or metres. The dis-
charge coetficient, Cp, can vary
from 045 to 0.75. A value of 0.62
is recommended if no data for this
value are available,

For example, the flow rate out of
a 2-in. (50-mm) orifice under 10 ft
(3 m) water of pressure is derermined
as follows. From Figure 1, the values
on the x-axis corresponding to 10 ft
{3 m) of pressure are 530 fps (161
mfs; standard) and 430 fps (131 m/s;
actual). Using Cp, = 0.62 and d =
0.167 fi, the flow rates can be com-
puted as 9.13 ¢fs (0.26 m¥fs; standard)
and 7.75 cfs (0.22 m3s; actual), by
multiplying the x-axis values from Fig-
are 1 by {0.62)(0.167)2. An additional
check may be made using the table
for air discharge in AWWA M-51
(2002), which gives a discharge rate of
104 cfs (0.34 m¥s through a 2-in.
(50-mm) orifice at 10 ft (3 m) pres-
sure nsing a (1, = 0.7, Adjusting this
to Up =0.62 gives a standard flow of

FIGURE 1 Flow of air through an orifice
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FIGURE 2 Comparison of air-valve performance data and theoretical

predictions
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FIGURE 3

Conditions before and after an air slam

H, = air pressure

Q, = volumetric air flow
d, = diameter of orifice
d, = diameler of pipe

@, @, = initial volumetric flows in

pipes 1 and 2
Q, = final volumetric flows

FIGURE 4 Air-slam pressures for different outlet orifice sizes
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9.21 cfs (0.26 m¥s). The slight differ-
ence may be due to the use of a differ-
ent value for the polytropic constant.

COMPARISON OF THEORY
WITH PERFORMANCE DATA

Manufacturers provide perfor-
mance data for air valves. Figure 2
presents some data from A.R.[ Flow
Control Accessories (2001) fora 2 in.
(50 mm) orifice. Also shown is the
theoretical curve using Eq 1 with a
Cpy = 0.60. It can be seen that the
comparison of the theoretical and
actual performance for this air valve
is very good.

In many designs, the C;, required
to account for the actual performance
may be much lower than 0.62, This
value applies to an ideal situation in
which the orifice is circular and the
approach to the orifice is nnoh-
structed. Performance data on vari-
ous air valves show that the Cj) can
be lowered considerably by the con-
figuration of the air valve. For exam-
ple, a rectangular orifice requires a
Cp around 0.21 to account for the
mefficiency of the rectangular shape.

PRESSURE SURGE RESULTING
FROM AIR SLAM

Figure 3 shows conditions just
before and after all the air is expelled
through the orifice and defines the
terms in Egs 3 through 6. For simpli-
fication, it is assumed that the two con-
necting pipes have the same proper-
tes. When the air pocket collapses, a
pressure surge of magnitude AH (feet
or metres) is generated. The basic
water hammer relationship, which
relates change in flow rate to the result-
Ing pressure surge, may be written as

C

AH = 7 \ng - Q;] 13)
C .

AH = (0, + Q) 4)
gA

in which g is the gravitational accel-
eration, C is the wave speed in the
pipes, and A is the cross-sectional
area of the pipes.

Equations 3 and 4 can be com-
bined to give



FIGURE 5 Transient flow model to calculate air slam
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Elevation = 0

FIGURE 6 Surge analysis for a 4-in. {100-mm) orifice
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Just before the collapse of the air pocket, it can be assumed

that O, = Oy + Oy, and Eq 5 may be written as

o
gA 2

AH = (5)

AH = (6)

This assumption, which ignores compressibility effects
on the continuity relation, is evaluated in the section
(“Example Calculations™) by comparing the results with
those obtained considering compressibility effects. Mak-
ing use of the information from Figure 1 and Eq 6, the
magnitude of an air-slam pressure surge can be predicted
given the air pressure before the slam:

The actual volumetric flow of air, O 4, is

Qu=0,pd 0
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in which O, is the value from the plots (Figure 1). Assum-
ing Cp =0.62, Egs 6 and 7 can be combined to give:
AH 110, ( 7 -]:
i
\ Pl

: (8
Clg

Firting a power curve for the standard air-flow plot shown
in Figure 1 yields (goodness-of-fit, R2 = 0.9952):

Q, = e 0029 HJ* + 0425 [In H,) + 5.206 (9)
Combining Eqs § and 9 results in

AH _ 0.3944 {t,_u,um_!,n H g% + 0.8250 H ) 4 '),L‘Uh} (Q\IJ (10)

Clg \dy/ '

Equation 10 may be used to calculate the magnitude of
pressure surge following the expulsion of air for non-
choking conditions. A similar equation may be obtained

tl



FIGURE 7 Surge analysis for a 2-in. (50-mm) orifice
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FIGURE 8 Surge analysis for a 1-in. (25-mm) crifice
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for airflow under choking conditions
as follows (R2 = 0.992):

A _ 03944 (0.465 H, + 494) ﬁ)z(; 1)
Clg V)

Figure 4 depicts the plot of Eqs 10 and
11 for a range of d/d, ratios. Figure 5,
in conjunction with a transient modeling
program, would help engineers to arrive
quickly at an appropriate outflow orifice
size. For example, if the air pressure in
a S-in. {127-mm) outflow orifice on a
24-in. [600-mm) pipeline just before air
slam is 10 ft (3 m) of water as deter-
mined from a transient analysis study,
the corresponding increase in pressure
after the air slam would be about 900 fr
(274 m). If it is desirable to limit the air-
slam pressure to less than 100 ft (30 m),
the designer would choose an outflow
orifice size of about 1.5 . (38 mm) and
evaluare its adequacy.

EXAMPLE CALCULATIONS

A transient flow model was set up to
produce an air slam at an air valve and
compare the result to that given by Eq
10. The transient flow model utilizes
Eq 1 to calculate the flow out of the
orifice and accounts for the compres-
sion of the entrapped air. Figure 3
shows the schematic for the pipeline
system modeled. The head on the left of
the valve is lowered from 100 ft (30
m} to 20 fr (6 m) in 10 s then raised
back up to 100 ft (30 m| in the next
10 s. An air valve with a 4-in. (100-
mm) inlet orifice and an outler orifice
varying from 4 in. (100 mm) down to
0.5 in. (12.5 mm) was analyzed. The air
valve opens to admit air when the head
15 lowered below atmospheric pressure
and then expels the air when the head
increases. For each case, the head
reaches a constant value for significant
periods before the air slam occurs.

Table 1 summarizes pressure changes
when all air is expelled through differ-
ent orifice sizes, and Figures 6 through
9 show the transient responses pre-
dicted from a surge analysis for each
of the four cases. For the surge analy-
sis, the compressibility of the air within
the air valve is fully taken into account.
The closc comparison between the
results shows that the continuity



assumprion used to obtain Eq 10 is

justified. FIGURE 9  Surge analysis for a 0.5-in. (12.5-mm) orifice
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Figures 11 through 13 show the

transient response from surge analy-

sis for three outflow orifice sizes: 3 in.

(75 mmj), 1 in. (25 mm}, and 0.5 in. (12.5 mm). Clearly,
using the 0.5-in. (12.5-mm} orifice results in an essen-
tially negligible secondary transient (compared with the
other two orifice sizes) becavse of air slam. However, the
performance of a 1-in. {25-mm) orifice might be ade-
quate as well, based on the capacity of the pipe material
to withstand surge pressures. In this case, it might be pru-
dent to use a 1-in, (25-mm) oritice because it expels the
air more quickly than the 0.5-in. {12.5-mm) orifice.

SUMMARY AND CONCLUSIONS

Air valves are an integral part of long pipelines pass-
ing through undulating terrains. Although large inflow ori-
fices are warranted to alleviate cavitation conditions dur-
ing transient events, same-size outflow orifices could
sometimes result in detrimental pressure surges following

the final release of air. Through two example applica-
tions, this article shows the impact of outflow orifice size
on the surge pressures resulting from the final release of
air. Both examples show that an outflow orifice smaller
than the inflow orifice is desirable to alleviate undue sec-
ondary pressure surges caused by the final release of air.
In one of the applications, a 0.5-in. (12.5-mm) outflow
oritice resulted in an air-slam pressure of less than 100 ft
of water {30 m) compared with nearly 550 ft (168 m) of
air-slam pressure resulting from a 3-in. (75-mm) outflow
orifice. The article also presents a simplified equation for
estimating pressure surges based on the pressure head
before the final release of air and on other known pipe and
valve characteristics. This equation ignores the compres-
sion of entrapped air within the air valve, but the pre-
dictions from the simplified equation compare well with

FIGURE 10 Pipeline schematic example 2
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FIGURE 11 Surge analysis for example 2, 3-in. (75-mm) orifice
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FIGURE 12 Surge analysis far example 2, 1-in. (25-mm) orifice
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FIGURE 13 Surge analysis for example 2, 0.5-in. (12.5-mm) orifice
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the calculations from a transient analysis
program that takes the compression
effects into account.
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